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inactivate the retinoblastoma (pRb) and related proteins,Doktorsringen 12A
which leads to a release of active E2F family membersKarolinska Institute
of transcription factors at the restriction point in mid-171 77 Stockholm
G1 (Tam et al., 1994). The release of E2F is consideredSweden
to irreversibly commit cells to progress into S phase,
and following this commitment they are only competent
to either complete the cycle or die.Summary
Extensive studies on nonneuronal cells show that ex-
ternal signals influencing the choice between prolifera-More than half of the dorsal root ganglion (DRG) neu-
tion and differentiation takes place only in the G1 phaserons are lost by excessive cell death coinciding with
of the cell cycle. At this point, mitogens stimulate theprecursor proliferation and cell cycle exit in neuro-
activation and de novo synthesis of pro±cell cycle pro-trophin-3 null mutant (NT-32/2) mice. We find that in
teins, whereas differentiation factors upregulate cell cy-the absence of NT-3, sensory precursor cells fail to
cle inhibitory proteins. p27kip1 belongs to one of the twoarrest the cell cycle, override the G1 phase restriction
cyclin-dependent kinase inhibitor (CKI) families. Thispoint, and die by apoptosis in S phase, which can be
family also includes p57kip2 and p21Cip1 (Harper et al.,prevented in vivo by a cell cycle blocker. Uncoordi-
1993; Polyak et al., 1994; Toyoshima and Hunter, 1994;nated cell cycle reentry is preceded by a failure of
Lee et al., 1995), which share 40%±45% amino acidnuclear N-myc downregulation and is paralleled by the
homology in their N termini (Harper et al., 1993; Polyakactivation of the full repertoire of G1 and S phase cell
et al., 1994; Toyoshima and Hunter, 1994). Cip1/kip1cycle proteins required for cell cycle entry. Our results
family members prevent cell cycle progression by bind-provide evidence for novel activity of neurotrophins in
ing to D- and E-type cyclin/cdk complexes and therebycell cycle control and point toward an N-myc sensitiza-
inhibit activation of the cdks. Studies on cell cycle con-tion to cell death in the nervous system that is under
trol using fibroblasts or lung epithelial cells show thatthe control of NT-3.
in contrast to quiescent cells, where CKIs are present
in excess of cyclin/cdk complexes, in cycling cells theIntroduction
levels of cyclin/cdk complexes exceed those of the in-
hibitors (Ewen et al., 1993; Harper et al., 1993; Toyo-After the final cell division, neurons remain in a terminal
shima and Hunter, 1994; Zhang et al., 1994a).differentiated state for the rest of their lives. Thus, cell
N-myc belongs to a helix±loop±helix/leucine zippercycle arrest is one of the earliest events in the neuronal
family of oncoproteins that bind DNA and induce genematuration process, although the expression of certain
transcription (Slamon et al., 1986; Evan and Littlewood,differentiation markers can precede it (Lee et al., 1992,
1993). Myc activates important pro±cell cycle progres-1994). In Drosophila, cells in the peripheral nervous sys-
sion genes, such as ornithine decarboxylase, cdc25A,tem divide asymmetrically, and a commitment of cell-
cyclin D1, and cyclin E±dependent kinases in nonneu-type fate occurs during the last cell division (Guo et al.,
ronal cells (Daksis et al., 1994; Lutz et al., 1996; Perez-1995), a mechanism that seems shared in mammals
Roger et al., 1997). N-myc can also phosphorylate and(Zhong et al., 1996, 1997). A control of proliferation may
activate p27kip1 ubiquitin degradation as well as represstherefore be crucial for the establishment of a correct
the expression of growth-arresting genes, e.g., gas1number of daughter cells and could also influence cell
(Meichle et al., 1992; Bello-Fernandez et al., 1993; Jan-lineage fate. The choice between cell cycle exit or pro-
sen-Durr et al., 1993; Wagner et al., 1993; Galaktionovgression is influenced by extrinsic signals during the G1
et al., 1996; Rudolph et al., 1996; Vlach et al., 1996; Leephase of the cycle. The current model of cell cycle con-
et al., 1997). The same regions of Myc activating pro±celltrol holds that the D- and E-type cyclins and their part-
cycle genes are also involved in the induction of apopto-ners, cyclin-dependent kinases (cdks) cdk4/6 and cdk2,
sis mediated through the derepression of a Fas receptorrespectively, are the key regulators of the G1 restriction
ligand±dependent pathway of cell death (Stone et al.,point control and the G1-to-S phase transition (Reed,
1987; Freytag et al., 1990; Penn et al., 1990; Evan et al.,1991). They are synthesized sequentially during the G1
1992; La Rocca et al., 1994; Hueber et al., 1997). Duringinterval (Dulic et al., 1992) as part of the early response
embryonic development, N-myc is expressed at highof mitogenic stimulation (Lukas et al., 1996b). The three
levels in the CNS, in neural crest derivatives, and in a fewD-type cyclins, D1, D2, and D3, are short-lived proteins
other cell types (Sawai et al., 1990, 1993). The nuclear
expression of the transcription factor in the DRG is pro-² To whom correspondence should be addressed (e-mail: patrik@
gressively restricted as neurons differentiate, and N-myccajal.mbb.ki.se).
accumulates in the cytoplasm instead. This accumula-³ Present address: Dana-Farber Cancer Institute and Harvard Medi-
cal School, Boston, Massachusetts 02115. tion of N-myc protein in the cytoplasm of the peripheral
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precursor cells is paralleled by, and could be a prerequi- Merkel innervating and proprioceptive 1a neurons have
exclusively been shown to depend on NT-3 in null mu-site for, their exit from the cell cycle and differentiation
into neurons (Wakamatsu et al., 1993, 1997). In fibro- tant mice, whereas nociceptive and other populations
of neurons seem to be largely unaffected (Ernfors et al.,blasts and myeloid cells, a persistent nuclear Myc ex-
pression leads to uncontrolled cell cycle reentry and/or 1994; Airaksinen et al., 1996; Albers et al., 1996). In
this study, we have examined the early role of NT-3 forapoptosis (Evan et al., 1992; Harrington et al., 1994;
Klefstrom et al., 1994; Packham et al., 1996). sensory precursor cells. We find a marked overexpres-
sion of G1 phase cell cycle proteins and nuclear N-mycDevelopment of the nervous system requires a mas-
sive production of neurons and glial cells and the forma- as well as G0-inducing proteins as a consequence of
an absence of NT-3 in mice; in addition, we find antion of a vast number of connections. In parallel to this
construction are also regressive events (Kerr et al., 1987; abnormal S phase reentry and elevated nuclear N-myc
levels that are associated with their death and that canKerr and Harmon, 1991), both by a remodeling and elimi-
nation of connections initially formed and by a wide- be completely prevented in vivo by blocking the G1/S
phase transition of the precursor cells.spread death of neurons during a restricted embryonic
period occurring shortly after target innervation. In many
instances, more than half of the neurons initially formed Results
die by apoptosis. Neurotrophins have been shown to
control programmed cell death in a target-derived fash- Lumbar DRG display a loss of close to 60% of the cells
ion by being present in limiting amounts, such that only already at embryonic day (E) 12 as a consequence of
the neurons that successfully compete for it survive, an absence of NT-3 in gene-targeted null mutant mice.
and the remaining die (Barde, 1989). Recently, it has This loss is largely, or entirely, caused by a massive
been found that neurotrophins may also play other roles increase in apoptosis in the ganglion, peaking at E11.
affecting neuronal phenotype and axonal and dendritic Parallel to the increased apoptosis is an inverse corre-
remodeling as well as synaptic plasticity (Lewin, 1996; lated loss of BrdU incorporating precursor cells at these
Lewin and Barde, 1996). stages (ElShamy and Ernfors, 1996a, 1996b; Farinas et
In addition to the above functions of neurotrophins, al., 1996). Because our aim in this study is to increase
an early role of NT-3 during gangliogenesis has been the understanding of the early role of NT-3 for precursor
suggested from tissue culture studies and in vivo experi- cells, we have focused the studies in NT-32/2 mice on
ments in the chick, the rat, and the mouse. Administra- the critical period around E11 and E12, which coincides
tion of NT-3 at the time of ganglion formation in the with the stage at which more than half of the DRG neu-
chick leads to a reduced number of DRG and nodose rons are born in the mouse (Lawson and Biscoe, 1979).
ganglion neurons that is accompanied by a reduction
in the number of proliferating neuroblasts, showing that
Nuclear Accumulation of N-myc Protein in DRGperipheral nervous system cells respond to NT-3 during
Precursor Cells in the Absence of NT-3early development in vivo and that NT-3 may cause a
Because NT-3 has been shown in the chick to be impor-cessation of proliferation (Ockel et al., 1996). In agree-
tant for proliferating precursor cell differentiation, wement with this, mRNA encoding the NT-3 receptor trkC
considered the possibility that it plays similar roles inas well as the p75 neurotrophin receptor (p75NTR) is ex-
mammals. An absence of NT-3 would in this case leadpressed in, and may be entirely limited to, proliferating
to an altered regulation of gene products involved inprecursors in the early quail DRG (Zhang et al., 1994b).
cell cycle progression/exit. We therefore examined ex-Very similar observations have been made in rodents
pression of the pro±cell cycle progression transcription(Ernfors et al., 1992). NT-3 null mutant (NT-32/2) mice
factor N-myc, which localizes from the nucleus to thedisplay a marked increased cell death during ganglio-
cytoplasm upon differentiation of the sensory neuronsgenesis accompanied by a reduction in the number of
(Wakamatsu et al., 1993, 1997). In agreement with previ-proliferating cells (ElShamy and Ernfors, 1996a, 1996b,
ous results showing that N-myc is translocated from the1997; Farinas et al., 1996; Lieble et al., 1997), and the
nucleus to the cytoplasm between E10 and E11 in micedying cells incorporate bromodeoxyuridine (BrdU) (El-
(Wakamatsu et al., 1993, 1997), most of the lumbar DRGShamy and Ernfors, 1996a, 1996b). Furthermore, in con-
cells in wild-type mice displayed exclusively cyto-trast to the classical target-derived role of trophic fac-
plasmic immunoreactivity for N-myc at E11 (Figures 1a,tors, during these stages, NT-3 seems to be provided
1b, and 3b). Although cytoplasmic N-myc staining waslocally (ElShamy and Ernfors, 1996a; Farinas et al., 1996).
also present in E11 NT-32/2 mice, in contrast to wild-Other lines of evidence are also consistent with an early
type mice, a large proportion of the cells in the mutantrole of NT-3 for sensory precursor cells. More than half
mice displayed a retained nuclear N-myc expressionof the DRG neurons are absent in the postnatal NT-
(Figures 1c and 3b). With confocal microscopy, nuclear32/2 mice, and the degree of loss is similar in most
N-myc±expressing cells containing as well as not con-cytochemical and functional subpopulations of neurons
taining cytoplasmic N-myc were identified (Figure 1d).(Ernfors et al., 1994), indicating that NT-3 is required at
It has been demonstrated in cultured nonneuronalphysiological concentrations for sensory neurons prior
cells that a persistent expression of Myc prevents differ-to phenotype diversification and target innervation.
entiation and leads to either cell cycle reentry or cellThus, in this case, a large proportion of the precursor
death, depending on whether the cell is competent tocells would require NT-3 during neurogenesis, while at
proliferate or not (Evan and Littlewood, 1993). It waslater stages, a subset of terminally differentiated neu-
therefore of interest to directly address whether the cellsrons with particular functions requires target-derived
NT-3 for maintenance. In the latter classical role of NT-3, containing a persistent expression of nuclear N-myc
Early Role of NT-3 in the Sensory Neuron Lineage
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Figure 1. N-myc Expression in the Early DRG
Ganglion of Wild-Type and NT-32/2 Mice
E11 wild-type and NT-32/2 mice were fixed
in 4% PFA, the DRGs were sectioned, and
N-myc immunoreactivity was examined.
(a and b) N-myc immunoreactivity in wild-type
(w/t) DRG at lower (a) or higher (b) magnifica-
tion. Note that only very few cells have nu-
clear N-myc expression, while the vast major-
ity express the cytoplasmic form (double
arrowhead).
(c) N-myc immunoreactivity in a littermate
NT-32/2 DRG. Note that many cells express
the nuclear form of N-myc.
(d) A 1 mm confocal image of an N-myc/TUNEL
double-stained section from NT-32/2 mice.
Note the presence of cells containing only
cytoplasmic N-myc, only nuclear N-myc, or
cytoplasmic and nuclear N-myc (red stain-
ing). Also note a TUNEL-positive/N-myc-
negative nucleus (green) and many TUNEL-
positive/N-myc-positive double-stained cells
(yellow).
(e±g) Double labeling for N-myc and TUNEL
in the NT-32/2 DRG. Note in (e) the expression
of nuclear N-myc in many of the cells that
display apoptosis (f). Panels (e) and (f) have
been merged in (g), and double-labeled dying
N-myc-expressing cells appear yellow. Dou-
ble arrowhead indicates cells expressing only
cytoplasmic N-myc (red), arrowhead indi-
cates N-myc-positive nucleus (red), sharp ar-
rowhead indicates TUNEL-positive nucleus
(green), and arrow indicates N-myc/TUNEL
double-labeled nuclei (yellow). Scale bars in
(a) and (e) are 200 mm; (a), (c), (e), and (f) are
of the same magnification; (b) is 50 mm, and
(b) and (d) are of the same magnification.
were dying. Terminal dUTP nick end labeling (TUNEL)/ cell nuclear antigen (PCNA; Figures 2m and 2n), as well
as the transcription factor E2F-1 (Figures 2k and 2l), aN-myc double staining was employed in E11 sections
containing the DRG. By using both conventional epiflu- marked increase in the number of stained cells was seen
in NT-32/2 DRG compared with control mice (Figures 3corescence and confocal microscopy, none of the TU-
NEL-positive cells were found to exhibit nuclear N-myc and 3d). In contrast, the number of cells expressing
cyclin B1 (Figures 2a and 2b), cdk4 (Figure 2p), cdk2in wild-type mice (data not shown), whereas in NT-32/2
mice, close to 60% of the TUNEL-positive cells dis- (Figure 2q), and the CKI p21 (Figure 2o) was unchanged
(Figures 3b±3d). Thus, the elevated number of cells ex-played nuclear N-myc staining (Figures 1d±1g and 5a).
pressing the cell cycle proteins that are necessary and
sufficient to control progression from G0 and G1 phasesOverexpression of Cell Cycle±Related Proteins
in the Absence of NT-3 to the S phase of the cell cycle suggests that an absence
of NT-3 leads to an increased number of cells reenteringThe persistent expression of nuclear N-myc suggested
an aberrant cell cycle control in the NT-32/2 mice. We the cell cycle and indicates that under these conditions,
neuronal precursors fail to exit the cell cycle and differ-therefore examined the expression of a number of differ-
ent proteins either activating cell cycle progression or entiate in a normal way.
inhibiting it. Staining the E11 NT-32/2 DRG revealed a
massive increase in the number of cells expressing the Identity of the Dying NT-3-Dependent Cells
at Early Stagescell cycle G0 and G1 phase inhibitory proteins p27 and
statin compared with control DRG (Figures 2c±2f and The above findings suggested that the excessive cell
death in NT-32/2 mice during this period could be associ-3b). Furthermore, following staining for the cell cycle G1
and G1/S phase regulatory proteins cyclin D3 (Figures ated with the failure of cell cycle control in these mice.
To examine this possibility, we double stained with the2g and 2h), cyclin E (Figures 2i and 2j), and proliferating
Neuron
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Figure 2. Photomicrographs of Sections from E11 Wild-Type or NT-32/2 DRG Stained with Immunohistochemistry for Different Cell Cycle
Regulatory Proteins
(a) and (b) show cyclin B1 staining; (c) and (d) are p27kip1 staining; (e) and (f) show statin staining; (g) and (h) show cyclin D3 staining; (i) and
(j) show cyclin E staining; (k) and (l) show cyclin E2F-1 staining; (m) and (n) show PCNA staining; and (o), (p), and (q) show p21, ckd4, and
cdk2 staining, respectively. The genotype of the mice is indicated in the panel except for (o), (p), and (q), which are from NT-32/2 mice. Note
the elevated number of cells staining for G1 (cyclin D3) and G1/S (E2F-1, cyclin E, and PCNA) as well as G1/G0 phase (p27 and statin) cell
cycle regulatory proteins in the NT-32/2 mice compared with wild-type mice. Scale bars are 200 mm.
TUNEL technique and for cell cycle proteins that are us to examine whether more of the dying cells in the
NT-32/2 mice expressed G1/S phase cell cycle proteins.specifically expressed during the different phases of
the cycle. Approximately 20% and 30% of the TUNEL- Double staining using the TUNEL technique for N-myc
(Figures 1d±1g), E2F-1 (Figures 4d±4f), or PCNA (Figurespositive cells expressed G0 and early-to-mid-G1 phase
proteins statin and cyclin D3, respectively (Figures 4g±4i) revealed that close to 60% of the dying cells
expressed G1/S phase transition and S phase proteins4a±4c and 5a). Thus, if all excessively dying cells have
at one time expressed these proteins, many of them (Figure 5a). These results show that the excessive cell
death in the NT-32/2 mice at early stages is linked tomust have downregulated them. This possibility prompted
Early Role of NT-3 in the Sensory Neuron Lineage
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Figure 3. Quantitative Analysis of Expression of Cell Cycle Regulatory Proteins in Wild-Type and NT-32/2 DRG at E11
(a) A schematic representation of the positions in the cell cycle where increased expression of the analyzed cell cycle regulatory proteins
occurs. Note that expression of cdks is not regulated during the cell cycle, and these are indicated only to show their association with cyclins.
(b) Analysis of the number of cells expressing N-myc, M phase cyclin B1, and G0 phase statin and p27 in wild-type and NT-32/2 mice.
(c) Analysis of G1 phase cell cycle proteins cyclin D3, cdk4, and E2F-1.
(d) Analysis of S phase cell cycle proteins cyclin E, cdk2, p21, and PCNA.
Note the elevated number of cells with nuclear proteins associated with G0, G1, and S phase but not G2 phase in the NT-32/2 mice.
the cell cycle. Furthermore, because many of the dying 3b), showing that the cells died prior to the G2/M phase
of the cell cycle. However, our results show that thecells had downregulated expression of G0 and early-to-
mid-G1 phase proteins but expressed high levels of S majority of the excessively dying cells express S phase
cell cycle proteins PCNA and E2F-1 and that these pro-phase proteins, the results suggest that cell death com-
mences closer to S phase than to G0/G1 phase. teins also colocalize with abundant levels of p27kip1 and
statin, which are expressed in quiescent cells (FigureTo verify that we were observing one population of
cells and that most of the excessive cell death was 5), indicating that in the absence of NT-3, quiescent
cells override the G1 restriction point and progress intocaused by a single mechanism involving the full reper-
toire of G0, G1, and S phase cell cycle proteins, we S phase, where death occurs.
We have previously shown that there are many TU-double stained statin immunoreacted sections with
N-myc or E2F-1, cyclin E sections with N-myc, and p27 NEL/BrdU double-stained cells at E11 in the NT-32/2
DRG 6 hr after a 250 mg/kg injection of BrdU (ElShamysections with PCNA. More than 80% of each of these
populations double stained (Figure 5b), showing that and Ernfors, 1996a). In this study, we injected BrdU
at several different concentrations and double-stainedthey belong to a single subpopulation of cells. In con-
trast, following double staining for cyclin D3 and periph- using the TUNEL method at either 1 hr or 6 hr after
the BrdU injection. Few double-stained cells could beerin (a marker of postmitotic neurons), no double-
stained cells could be detected (Figure 5b), suggesting identified in the wild-type E11 DRG (Figures 6a±6d).
Since there is abundant proliferation in the DRG at thisthat the increased expression of cell cycle proteins in
the NT-32/2 mice occurred in precursor cells and not in stage, yet very little TUNEL staining in wild-type mice,
we conclude that the TUNEL technique does not stainpostmitotic differentiated neurons.
proliferating cells. To ensure that the TUNEL technique
labels dying cells, as a further control we compared theG1 Restriction Point Override and S Phase
Death of Sensory Precursor Cells number of TUNEL-positive cells and pyknotic cells of
E11, E12, and E14 NT-32/2 and wild-type DRG. NT-32/2The next important task was to identify the mechanism
whereby, and the exact point in the cell cycle at which, mice displayed 382% 6 91%, 133% 6 19%, and 150% 6
28% of pyknotic cells and 432% 6 46%, 121% 6 6%,excessive cell death occurs as a consequence of the
lack of NT-3. Staining for the G2 phase cyclin B1 in and 128% 6 4% of TUNEL-positive cells compared with
wild-type mice, respectively. Thus, we found a similarNT-32/2 mice revealed no increased number of stained
cells compared with age-matched control mice (Figure number of dying cells by two independent methods. In
Neuron
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Figure 4. Double Staining of Cell Cycle Regulatory Proteins and TUNEL to Examine if Overexpression of Cell Cycle Markers as a Consequence
of the Lack of NT-3 Is Associated with Cell Death
(a and b) The same field of the double-stained DRG viewed for the detection of either cyclin D3 or TUNEL, respectively.
(c) Panels (a) and (b) were merged. Yellow-stained cells indicate the presence of cyclin D3±positive dying cells in the ganglion.
(d and e) The same field of the double-stained DRG viewed for the detection of either E2F-1 or TUNEL, respectively.
(f) Panels (d) and (e) were merged. Yellow-stained cells indicate the presence of E2F-1-positive dying cells.
(g and h) The same field of the double-stained DRG viewed for the detection of PCNA or TUNEL, respectively.
(i) Panels (g) and (h) were merged. Yellow-stained cells indicate the presence of PCNA-positive dying cells in the ganglion. Scale bar is 25 mm.
contrast to the very few TUNEL/BrdU double stained Rescue from Excessive Cell Death
in the NT-32/2 Mice by Blockingcells in wild-type mice, a large number of such cells
were identified in the E11 NT-32/2 DRG following an Cell Cycle Progression in Vivo
Because apoptosis occurred in S phase in the earlyinjection of either 50 mg/kg (Figures 6i±6l) or 100 mg/
kg (Figures 6e±6h) of Brdu. Interestingly, almost twice NT-32/2 DRG, and inhibition of cell cycle progression
and cell death of cultured sympathetic neurons can beas many cells were found double stained 6 hr after the
BrdU injection (78% 6 8% of the TUNEL-positive cells prevented by the cell cycle blocker olomoucine (Park et
al., 1996, 1997), we tested whether we were able towere BrdU-positive) as compared with 1 hr (41% 6 11%)
(Figure 6). Thus, many cells initiating DNA replication in prevent the early elevated cell death caused by the ab-
sence of NT-3 using this G1 phase inhibitor. Analysis ofS phase do not contain fragmented DNA and do not
stain with the TUNEL technique. However, if the cells the E10 DRG showed negligible cell death in both wild-
type and NT-32/2 mice; furthermore, there was no signifi-are allowed to incorporate BrdU, and TUNEL staining is
measured 6 hr later, most TUNEL-positive cells are cant loss in cell numbers at this stage compared with
wild-type mice. In contrast, there was marked increasedBrdU-positive. These results indicate that many precur-
sor cells overriding the G1 restriction point will ultimately cell death and a significant loss of cells in the NT-32/2
mice at E11, compared with age-matched control micedie in the NT-32/2 mice, but DNA fragmentation com-
mences only after DNA replication has been initiated. (data not shown). We therefore injected either saline or
Early Role of NT-3 in the Sensory Neuron Lineage
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Figure 5. Quantification of the Percentage of
Cells per Section of E11 NT-32/2 DRG Double
Stained for Different Cell Cycle Markers or
TUNEL
(a) Quantification of the percentage of TU-
NEL-positive cells expressing nuclear N-myc,
statin, cyclin D3, E2F-1, or PCNA in NT-32/2
mice. Note that z50%±60% of the TUNEL-
positive cells double labeled with either
N-myc, E2F-1, or PCNA, while only 20% or
30% of the TUNEL positive cells double la-
beled for statin or cyclin D3, respectively.
(b) Quantitative analysis in NT-3 mutant mice
at E11 of double-stained cells for statin,
cyclin E, p27, or cyclin D3 with N-myc, E2F-
1, PCNA, or peripherin as indicated. Note that
80% of the statin-positive cells were double
stained for N-myc as well as for E2F-1. More
than 90% of the cyclin E-positive cells double
stained for N-myc, and z70% of the p27-
positive cells double stained for PCNA.
25 mg/kg of olomoucine once at E10 and again at E10.5 progression from G1 to S phase, including elevated lev-
els of E2F-1 transcription factor. We also find that thein pregnant wild-type females and in pregnant females
dying cells incorporate BrdU. In contrast to these re-from an NT-31/2 3 NT-31/2 mating. All of the mice were
sults, Farinas et al. (1996) were unable to double stainsacrificed at E11.5 and were analyzed for TUNEL and
for TUNEL and BrdU. However, in a large number ofN-myc expression. In wild-type mice receiving saline,
experiments, we repeatedly find TUNEL/BrdU-stainedsome apoptotic cells were detected as previously seen
cells as well as when using different concentrations ofin untreated mice (Figure 7a). In NT-32/2 mice receiving
BrdU and analyzing the mice at different periods aftersaline, many cells were TUNEL-positive, similar to un-
the BrdU pulse. In addition, we get a similar result usingtreated NT-32/2 mice (Figure 7c). Whereas olomoucine
E2F-1 and PCNA immunoreactivity instead of BrdU totreatment of wild-type mice did not lead to any obvious
identify cells in S phase. Furthermore, because expres-changes in cell death (Figure 7b), administering olomou-
sion of nuclear N-myc has been shown to occur only incine to the NT-32/2 mice markedly reduced (up to 95%)
proliferating sensory precursor cells and to prevent cellthe number of TUNEL-positive cells (Figure 7d). Interest-
cycle exit, we conclude that the excessively dying cellsingly, nuclear N-myc expression was also markedly re-
in the NT-32/2 mice display all of the phenotypic charac-duced in the NT-32/2 mice treated with olomoucine com-
teristics that define a precursor cell as such (Evan etpared with those treated with saline (compare Figures
al., 1992; Harrington et al., 1994; Klefstrom et al., 1994;7g and 7h). No alteration in the cytoplasmic expression
Packham et al., 1996).of this protein was observed in any of the experimental
We have previously suggested that NT-3 is importantgroups of animals (Figures 7e±7h). We also examined the
for proliferating sensory precursor cell survival (ElShamyeffects of olomoucine in wild-type mice at later stages of
and Ernfors, 1996a, 1996b). In contrast to this finding,development during the period of programmed cell
Farinas et al. (1996) have proposed that NT-3 promotesdeath (PCD). In contrast to its potent effects in pre-
the survival only of mature neurons at early stages,venting the early excessive cell death in NT-32/2 mice,
whereas precursor cells respond to an absence of NT-3a similar number of TUNEL-positive cells were seen in
in mice by a premature cell cycle exit. This conclusionthe DRG of both treated and untreated mice during the
was derived from an experiment showing that followingperiod of normal cell death in the embryo (Figure 7e).
subtraction of the total number of cells in the Nissl-
stained E11 and E12 DRG with the number of neurofila-
Discussion ment-positive cells, fewer such neurofilament protein of
150 kDa± (NF-150-) negative putative precursor cells are
We show that NT-3 plays an early role in the DRG that seen in the NT-32/2 mice. How can these seemingly
is distinct from its classical role as a target-derived fac- contradictory results be accounted for? One possibility
tor. Our results suggest that NT-3 acts at early stages is that the divergent results are caused by the use of
on precursor cells and is crucial for their growth arrest NF-150 as a marker for the identification of neurons.
and differentiation. Consequently, an absence of NT-3 NF-150 may not be a panneuronal marker, since it is
leads to cell cycle reentry, N-myc sensitization to cell expressed in only a subpopulation of the full comple-
death, and ultimately apoptosis of the precursor cells. ment of the sensory neuron population (primarily the
small size neurons) both at the stages examined in the
Action of NT-3 on Sensory Precursor Cells NT-32/2 mice as well as in the adult. Comparison with
and Mature Neurons staining for the type III neuronal intermediate filament
Our current results show that the dying cells in the DRG protein peripherin has revealed that a complete popula-
of NT-32/2 mice express high levels of all of the cell tion of DRG neurons, which constitutes more than 60%
of the neurons in the ganglion, are NF-negative duringcycle proteins necessary and sufficient for cell cycle
Neuron
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Figure 6. Double Staining for BrdU and TUNEL in the E11 NT-32/2 DRG
BrdU-processed sections of E11 wild-type or NT-32/2 DRG in (d), (h), (l), and (p) were double stained with the TUNEL method (a±c, e±g, i±k,
and m±o) as indicated.
(a±d) Wild-type mice sacrificed 6 hr after a BrdU injection at a concentration of 100 mg/kg. (a) is BrdU staining, (b) is TUNEL staining of the
same section, and (c) is a merged image of (a) and (b). Note a single double-stained cell in wild-type mice (pointed arrow).
(e±h) NT-32/2 mice sacrificed 6 hr after a BrdU injection at a concentration of 100 mg/kg. (e) is BrdU staining, (f) is TUNEL staining of the
same section, and (g) is a merged image of (e) and (f). Note multiple double-stained cells (pointed arrows).
(i±l) NT-32/2 mice sacrificed 6 hr after a BrdU injection at a concentration of 50 mg/kg. (i) is BrdU staining, (j) is TUNEL staining of the same
section, and (k) is a merged image of (i) and (j). Note multiple double-stained cells (pointed arrows).
(m±p) NT-32/2 mice sacrificed 1 hr after a BrdU injection at a concentration of 100 mg/kg. (m) is BrdU staining, (n) is TUNEL staining of the
same section, and (o) is a merged figure of (m) and (n). Note multiple double-stained cells (pointed arrows). In all figures, BrdU-positive/
TUNEL-negative cells are indicated by an arrow, BrdU-negative/TUNEL-positive are indicated by a solid arrowhead, BrdU-negative/TUNEL-
negative cells are indicated by a double arrowhead, and BrdU-positive/TUNEL-positive cells are indicated by a pointed arrow. Scale bar in
(n) is 40 mm, and (a) through (c) are at the same magnification. Scale bar in (n) is 25 mm, and (e) through (g), (i) through (k), and (m) through
(o) are at the same magnification. Scale bar in (d) is 200 mm, and (h), (l), and (p) are at the same magnification.
early stages of DRG development (Troy et al., 1990). the early NT-32/2 DRG. Also in this study, no relative
increase in the number of mature neurons could be de-NT-3 primarily supports large and medium size sensory
neurons in the DRG that are also the first to be born in tected in the NT-32/2 mice compared with wild-type
mice. An added complexity of comparing the numberthe ganglion. If NF-150 is expressed only in the subpopu-
lation of small caliber DRG neurons, and these display of Nissl-stained nuclear profiles with NF-150-immunore-
active cytoplasmic profiles (Farinas et al., 1996) is thata minor loss in the NT-32/2 mice, a relative elevation in
the number of NF-150-positive cells and a decrease an estimate of particle numbers is largely affected by
profile size (Coggeshall, 1992). Another possibility is thatin the NF-150-negative NT-3-dependent population of
cells would be expected, which is what Farinas et al. the divergent results are just different sides of one coin.
Our results suggest that precursor cells may be growth(1996) detected in these mice using NF-150 as a marker
for neurons. In agreement with this interpretation are arrested in the NT-32/2 mice and that they express ele-
vated levels of CKI as well as statin, both of which areresults from Liebl et al. (1997) who, like us, used periph-
erin instead of NF-150 to identify mature neurons in expressed in quiescent cells. Although the dying cells
Early Role of NT-3 in the Sensory Neuron Lineage
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Figure 7. Rescue from Excessive Cell Death in NT-32/2 Mice by Blocking Cell Cycle Progression
The G1 phase cell cycle blocker olomoucine was administered to wild-type and NT-32/2 mice at E10 and E10.5, and the embryos were
analyzed for cell death and N-myc expression at E11.5.
(a and b) TUNEL staining of saline- (a) or olomoucine- (b) treated wild-type (w/t) mice. The large fluorescent cell bodies at the border of the
ganglion (arrows) are blood cells that always appeared stained only in the olomoucine group regardless of the genotype of the mice.
(c and d) TUNEL staining of saline- (c) or olomoucine- (d) administered NT-32/2 mice. Note the almost complete absence of TUNEL-stained
cells in the olomoucine-treated NT-32/2 mice. The large fluorescent cell bodies are blood cells.
(e and f) N-myc staining of saline- (e) or olomoucine- (f) treated wild-type (w/t) mice. Note that the prominent cytoplasmic N-myc staining in
the wild-type mice is unchanged by the olomoucine treatment.
(g and h) N-myc staining of saline- (g) or olomoucine- (h) treated NT-32/2 mice. Note the marked reduction of nuclear N-myc staining in the
olomoucine-treated NT-32/2 mouse, while the cytoplasmic staining is not affected.
(i) Quantification of TUNEL-positive cells in wild-type (w/t) saline- or olomoucine-treated mice during PCD. Note that the cell cycle blocker
olomoucine did not affect the normally occuring cell death.
are peripherin negative, we cannot exclude that they (NGF) has been shown to downregulate N-myc expres-
sion and to induce differentiation of neuroblastoma cellexpress certain neuronal traits, including NF-150.
lines (Matsushima and Bogenmann, 1993).
Failure of Precursor Growth Arrest
in the Absence of NT-3
Myc protein levels are elevated following mitogenic G0 Checkpoint Release and G1 Restriction Point
Override in Quiescent DRG Precursor Cellsstimuli as a late immediate-early gene. Myc transcrip-
tionally activates important growth-promoting and re- in the Absence of NT-3
Statin is a 57 kDa phosphoprotein abundantly expressedpresses other growth-arresting genes (Amati et al., 1993;
Bello-Fernandez et al., 1993; Jansen-Durr et al., 1993; only in nondividing quiescent cells and is localized to
the nuclear envelope (Wang, 1985; Lee et al., 1992).Steiner et al., 1995; Galaktionov et al., 1996; Perez-Roger
et al., 1997). Furthermore, Myc is sufficient to initiate Similarly, when p27kip1 expression is increased in cells,
it inhibits the activity of cyclin D and E-cdk complexescell cycle progression, while there is a requirement for
a mitogen for sustaining it (Armelin et al., 1984; Evan et and cell cycle progression and induces quiescence. We
found a marked elevation in the number of cells express-al., 1992). Consistently, N-myc localizes to the nucleus
in precursor cells but accumulates in the cytoplasm ing these proteins in the NT-32/2 mice, reflecting an
increase in the number of quiescent precursor cells. Anupon differentiation of specific classes of neurons e.g.,
retinal ganglion cells, DRG neurons, and Purkinje cells accumulation of statin-expressing cells would suggest
that neuronal differentiation following their quiesence isof the cerebellum (Capobiano et al., 1990; Roux et al.,
1990; Wakamatsu et al., 1993). The finding that the dying compromised. Our finding that most of these cells also
expressed N-myc or the G1/S phase transcription factorcells in the E11 NT-32/2 DRG display a persistent expres-
sion of nuclear N-myc suggests that NT-3 is either di- E2F-1, together with the fact that p27-positive cells ex-
pressed PCNA, which is present in S phase, suggest thatrectly downregulating nuclear N-myc expression and/
or is inhibiting a mitogenic pathway inducing nuclear differentiation is compromised and that these quiescent
cells reenter the cell cycle in the absence of NT-3.N-myc expression. Interestingly, nerve growth factor
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Uncompleted S Phase and Cell Death survival signals arose from studies showing that Myc
induces apoptosis in fibroblasts unless survival factorsin the Absence of NT-3
are present (Evan et al., 1992). Consistently, bcl-2-medi-In pRb2/2 mice, many neurons undergo ectopic cell pro-
ated antiapoptotic effects are elicited by diverting Mycliferation, do not mature properly, and undergo apo-
signaling to cell proliferation instead of cell death (Bis-ptotic cell death. This cell death occurs in S phase and
sonnette et al., 1992; Fanidi et al., 1992). Recently, oneis caused by uncontrolled cell cycle reentry (Clarke et
mechanism of c-Myc-induced apoptosis has emerged.al., 1992; Jacks et al., 1992; Lee et al., 1992, 1994; Jiang
The death pathway of c-Myc requires a ligand-medi-et al., 1997). Our results showing that there is an in-
tated activation of the cell death±inducing Fas or tumorcreased number of cells expressing G0, G1, and S phase
necrosis factor (TNF) receptors generating an intracellu-but not G2 phase cell cycle proteins suggest that the
lar apoptotic signal (Hueber et al., 1997). The mechanismexcessive apoptosis in NT-32/2 mice also takes place
of the sensitization of fibroblasts to ligand-mediated cellin S phase. In line with this conclusion are our results
death by c-Myc is unknown but could involve a directfrom the TUNEL/BrdU double-labeling experiments. We
transcriptional activation and increased expression offound that more cells double stained 6 hr compared
cell death±inducing ligand and receptors or a downregu-with 1 hr after the BrdU injection. Thus, many of the
lation of an inhibitory protein of the death-signaling path-precursor cells entering S phase and incorporating BrdU
way (Greene, 1997; Hueber et al., 1997; Wallach, 1997).may not yet have initiated DNA fragmentation. Also in
It is intriguing that the common neurotrophin receptoragreement with excessive cell death in the NT-32/2 mice
p75NTR, like the Fas and TNF receptors, contains antaking place in S phase of cycling cells were our results
intracellular death domain (Carter and Lewin, 1997; De-showing that the dying cells express the S phase protein
chant and Barde, 1997; Liepinsh et al., 1997) and medi-PCNA and that we, by blocking cell cycle progression,
ates ligand-induced death in the developing nervousprevented S phase death in the NT-32/2 mice. We there-
system (Casaccia et al., 1996; Frade et al., 1996). Thus,fore conclude that there is an uncompleted S phase
it is possible that the excessive cell death we detect infollowed by death in the early sensory ganglion in the
the NT-32/2 mice is caused by an N-myc sensitizationabsence of NT-3.
to ligand-induced cell death.
Experimental ProceduresPossible Mechanisms Leading to Death of
Precursor Cells in the Absence of NT-3
Animals
A number of observations have to be taken into account Embryos were obtained from the overnight mating of NT-31/2 mice
when considering the intracellular pathways of cell (outbred 129ter/sv and Balb/c background). The day of the vaginal
plug was considered as E0. Pregnant females were injected intraper-death induced in sensory precursor cells in the absence
itoneally with an aqueous solution of BrdU (Sigma) at a final concen-of NT-3. We can first conclude that it is different from cell
tration of 100 or 50 mg/kg, and embryos of E10, E11, E12, or E13death caused by trophic factor deprivation of sensory
were collected either 1 or 6 hr later, immersion fixed in 4% paraform-
neurons during the PCD period, since we have not found aldehyde (PFA) overnight, sucrose embedded, frozen on dry ice,
any increases of cell cycle±related proteins during this and sectioned at 15 mm on a cryostat. The mice were genotyped
for the inactive allele of the genes by Southern blot analysis or byperiod in either NT-32/2 or control mice (data not shown).
the polymerase chain reaction as previously described (Ernfors etFurthermore, we were unable to prevent PCD in wild-
al., 1994).type mice with the cell cycle blocker olomoucine. Sev-
eral lines of evidence link cell cycle reentry to apopto- Antibodies
sis. E2Fs and/or Myc overexpression can overcome cell The antibodies indicated below were purchased from Santa Cruz
cycle arrest, block differentiation, and induce hyper- Biotechnology. The polyclonal rabbit antibodies were cdk2 (M2-G),
cdk4 (H-22-G), cyclin E (M-20), cyclin D3 (C-16-G), p21 (G-19-G),proliferation and/or cell death (Smith et al., 1992; John-
p27 (C-19-G), E2F-1 (C-20), cyclin B1 (M-20), and N-myc (C-19).son et al., 1993; Schwarz et al., 1995; Guy et al., 1996;
The mouse monoclonal antibody against PCNA was PC10. These
Ikada et al., 1996; Lukas et al., 1996a; Coleman et al., antibodies were used at a dilution of 1:100 unless otherwise indi-
1997; DeGregori et al., 1997). Ectopic expression of cated. The anti-statin antibody was a kind gift of Eugenia Wang and
D- or E-type cyclins in nonneuronal cells has been was used at a dilution of 1:500. The mouse anti-BrdU antibody
(Sigma) and the rabbit anti-peripherin (Chemicon) were dilutedshown to shorten the G1 phase dramatically, to induce
1:500.deregulation of pRb phosphorylation, and to activate an
apoptotic pathway (Resnitzky et al., 1994; DeGregori
Counts
et al., 1995; Resnitzky and Reed, 1995; Sofer-Levi and Embryos were serial sectioned at 15 mm and stained with cresyl
Resnitzky, 1996; Lukas et al., 1997) Thus, the cell death violet. The number of pyknotic profiles, or neurons with clear nuclei
and nucleoli in the DRG (L5), were counted in every sixth section. Theof sensory precursor cells in the NT-32/2 mice may be
number of counted neurons was multiplied by section separationintimately linked to the elevated levels of N-myc and
to give a total estimated number of profiles (n). This number wasG1/S phase cell cycle proteins, and it is conceivable
multiplied by section thickness (T) and divided by T plus the average
that NT-3 could prevent cell death and induce cell cycle diameter of the nuclei (D) to give the neuronal number (N); N 5 n 3
exit and differentiation of precursor cells by regulating T/T 1 D. Animals were counted bilaterally for each age and geno-
type. E10: wild-type, 2, NT-32/2, 2; E11: wild-type, 15, NT-32/2, 10;N-myc in vivo, as NGF has been shown to do in N-myc-
E12: wild-type, 7, NT-32/2, 4; and E13: wild-type, 6, NT-32/2, 4.expressing cultured neuroblastoma cells (Matsushima
and Bogenmann, 1993; Poluha et al., 1995).
TUNEL Staining
Myc-induced proliferation and apoptosis are partly Sections were stained with the TUNEL method using the ApopTag in
exerted by distinct downstream pathways, and the con- situ apoptosis detection kit (Oncor) according to the manufacturer's
instructions.cept of the active suppression of Myc-driven death via
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BrdU Staining groups were genotyped and sectioned. TUNEL and N-myc staining
were performed as described above.For analysis of proliferation, the cells that had incorporated BrdU
were stained by immunohistochemistry as described previously (El-
Shamy and Ernfors, 1996a, 1996b, 1997). Briefly, sections were post- Acknowledgments
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number of proliferating cells was counted in every sixth section for
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